1. Introduction {#sec1-biomolecules-10-01024}
===============

Despite significant progress in the treatment of cardiovascular diseases, heart failure (HF) remains a predominant cause of death worldwide. Cardiac injury after myocardial infarction (MI) causes the irreversible damage of millions of cardiomyocytes, which induces inflammation and activates resting cardiac fibroblasts (CFs), and can eventually result in HF \[[@B1-biomolecules-10-01024],[@B2-biomolecules-10-01024]\]. The adult zebrafish heart can regenerate through cardiomyocytes re-entering the cell-cycle and through revascularization in the injured region \[[@B3-biomolecules-10-01024]\]. In contrast, the self-renewal capacity of cardiomyocytes in the adult mammalian heart is less than 1% per year, which has been a major hindrance to the self-repair of heart function after injury \[[@B4-biomolecules-10-01024],[@B5-biomolecules-10-01024]\]. Heart transplantation is nearly the only option for the patients with end-stage HF \[[@B6-biomolecules-10-01024]\]. Unfortunately, the number of heart donors is limited and does not cover the increasing demand for heart transplantation \[[@B7-biomolecules-10-01024]\]. Furthermore, many HF patients are not eligible for heart transplantation because of concomitant comorbidities, and they have no other therapeutic options \[[@B8-biomolecules-10-01024]\]. Therefore, developing novel therapeutics for treating the injured heart is essential.

Many cell-based and cell-free therapies have been proposed as a means for stimulating heart regeneration to protect the injured heart. Cell-based therapies were designed to replace dead cardiomyocytes and to reduce myocardial scar tissue by providing new sources of cardiomyocytes from the exogenous administration of progenitor cells including mesenchymal stem cells, bone marrow-derived cells and resident cardiac progenitor cells, as well as from the transplant of functional cardiomyocytes induced in vitro. Over the last two decades, considerable progress has been made in cell-based therapies, and many clinical trials have been conducted involving large cohorts of patients. Cell-based therapies are largely aimed to achieve therapeutic effects through two primary ways: the remuscularization of the injured area by exogenous healthy contractile cardiomyocytes and the activation of endogenous repair signaling through paracrine signaling \[[@B9-biomolecules-10-01024],[@B10-biomolecules-10-01024]\]. However, these therapies have not led to significant improvements in cardiac function and have not succeeded in transforming contemporary cardiovascular practices \[[@B9-biomolecules-10-01024],[@B11-biomolecules-10-01024],[@B12-biomolecules-10-01024]\]. Many roadblocks remain in implementing cell-based therapeutics into clinical practice, including efficacy of the therapy.

Over the last decade, based on the cumulative progress on the molecular mechanisms for regeneration, investigators have developed an alternative method for use in regenerative medicine that does not require cell transplantation---cell-free therapy. This type of therapy involves activating endogenous repair mechanisms by using soluble factors, extracellular vesicles \[[@B13-biomolecules-10-01024],[@B14-biomolecules-10-01024],[@B15-biomolecules-10-01024],[@B16-biomolecules-10-01024]\] and microRNAs \[[@B17-biomolecules-10-01024],[@B18-biomolecules-10-01024]\]. Biological and clinical researchers have recently used cell-free therapy for the treatment of injured hearts. This exciting new strategy involves stimulating intrinsic signaling pathways in cardiomyocytes to promote cardiac self-renewal \[[@B19-biomolecules-10-01024]\]. The Hippo pathway is one of the endogenous pathways that has shown tremendous potential for therapeutic manipulation in cardiac regeneration. Studies in recent years have shown that the Hippo pathway is not just a highly conserved fundamental signaling pathway required for the development \[[@B20-biomolecules-10-01024],[@B21-biomolecules-10-01024],[@B22-biomolecules-10-01024],[@B23-biomolecules-10-01024],[@B24-biomolecules-10-01024]\], homeostasis \[[@B25-biomolecules-10-01024],[@B26-biomolecules-10-01024],[@B27-biomolecules-10-01024],[@B28-biomolecules-10-01024],[@B29-biomolecules-10-01024],[@B30-biomolecules-10-01024],[@B31-biomolecules-10-01024]\], and regeneration of the heart \[[@B32-biomolecules-10-01024],[@B33-biomolecules-10-01024],[@B34-biomolecules-10-01024],[@B35-biomolecules-10-01024]\], but also has great therapeutic potential for cardiac regeneration \[[@B23-biomolecules-10-01024],[@B36-biomolecules-10-01024]\]. In this review, we summarize the current findings on the role of the Hippo pathway in heart homeostasis and regeneration.

2. Overview of the Hippo Pathway {#sec2-biomolecules-10-01024}
================================

The Hippo pathway is an evolutionarily conserved pathway that plays a critical role in regulating organ size and tissue homeostasis through controlling cell growth, proliferation, survival and differentiation \[[@B37-biomolecules-10-01024],[@B38-biomolecules-10-01024]\]. The STE20 protein kinase family member Hippo was first studied in *Drosophila melanogaster*, where a mutation in the gene encoding Hippo resulted in grossly enlarged tissue and organ size \[[@B39-biomolecules-10-01024]\]. Subsequently, other components of the canonical Hippo pathway were also delineated in *Drosophila* \[[@B40-biomolecules-10-01024]\]. This central Hippo signaling kinase cascade in *Drosophila* is conserved in mammals. Mammalian Hippo ortholog STE20-like protein kinases (MST1/2) phosphorylate the large tumor suppressor homolog (LATS1/2). The MST1/2 kinases act together with their cofactor Salvador homolog 1 (SAV1) to phosphorylate LATS1/2 and their regulatory protein MOB domain kinase activator 1 (MOB1A/B). Activated LATS1 and LATS2 kinases subsequently phosphorylate the Hippo signaling downstream effector transcriptional co-activator protein Yorkie ortholog, Yes-associated protein (YAP)/transcriptional co-activator with PDZ-binding motif (TAZ), and inhibit the translocation of YAP/TAZ into the nucleus ([Figure 1](#biomolecules-10-01024-f001){ref-type="fig"}). When Hippo signaling is off, YAP/TAZ localizes and accumulates in the nucleus where it associates and binds to different transcription factors such as TEA domain transcription factor family members (TEADs) to enable transcription of downstream genes involved in different cellular processes ([Figure 1](#biomolecules-10-01024-f001){ref-type="fig"}). In addition to TEADs, studies have identified many other YAP/TAZ co-factors such as SMAD family members (SMADs) \[[@B41-biomolecules-10-01024],[@B42-biomolecules-10-01024],[@B43-biomolecules-10-01024],[@B44-biomolecules-10-01024],[@B45-biomolecules-10-01024],[@B46-biomolecules-10-01024]\], β-Catenin \[[@B20-biomolecules-10-01024]\], pituitary homeobox 2 (PITX2) \[[@B47-biomolecules-10-01024]\], forkhead box protein O1 (FOXO1) \[[@B48-biomolecules-10-01024]\], T-box transcription factor TBX5 \[[@B49-biomolecules-10-01024],[@B50-biomolecules-10-01024]\], Runt-related transcription factor 1/2 (RUNX1/2) \[[@B51-biomolecules-10-01024],[@B52-biomolecules-10-01024],[@B53-biomolecules-10-01024],[@B54-biomolecules-10-01024]\] and YAP/TAZ competing factors such as vestigial-like family member 4 (VGLL4) \[[@B55-biomolecules-10-01024],[@B56-biomolecules-10-01024],[@B57-biomolecules-10-01024]\] ([Figure 1](#biomolecules-10-01024-f001){ref-type="fig"}). Hippo signaling activity can be regulated by variable upstream factors like kidney and brain expressed protein (KIBRA) \[[@B58-biomolecules-10-01024]\], neurofibromin 2 (NF2) \[[@B58-biomolecules-10-01024]\], FERM domain-containing protein 6 (FRMD6) \[[@B59-biomolecules-10-01024]\], mitogen-activated protein kinase kinase kinase kinases (MAP4Ks) \[[@B60-biomolecules-10-01024]\], striatin-interacting phosphatases and kinases (STRIPAK) \[[@B61-biomolecules-10-01024]\], serine/threonine-protein kinase 25 (STK25) \[[@B62-biomolecules-10-01024]\], P2Y~2~ nucleotide receptor (P2Y~2~R) \[[@B63-biomolecules-10-01024]\], thousand-and-one amino acid kinases 1/3 (TAOK1/3) \[[@B64-biomolecules-10-01024],[@B65-biomolecules-10-01024],[@B66-biomolecules-10-01024]\] and protocadherin Fat4 (FAT4) \[[@B67-biomolecules-10-01024]\]. GPCRs (G-protein-coupled receptors) regulate Hippo signaling via GPCRs-G-protein-cytoskeleton axis \[[@B68-biomolecules-10-01024],[@B69-biomolecules-10-01024]\] ([Figure 1](#biomolecules-10-01024-f001){ref-type="fig"}). In recent years, the Hippo-YAP pathway has become increasingly important as a potential endogenous mechanism for promoting organ regeneration.

3. Hippo Signaling Pathway in Heart Regeneration {#sec3-biomolecules-10-01024}
================================================

The adult mammalian heart has a very limited capacity for regeneration. However, studies have shown the possibility of stimulating endogenous cardiac regeneration by manipulating various signals and pathways \[[@B19-biomolecules-10-01024]\], but the intrinsic mechanisms of signals regulating heart regeneration are not well understood. Repression of Hippo signaling has promoted the proliferation of cardiomyocytes and controlled heart size during heart development \[[@B20-biomolecules-10-01024]\]. Notably, manipulation of the Hippo-YAP pathway has shown great potential in stimulating endogenous cardiac regeneration \[[@B23-biomolecules-10-01024],[@B33-biomolecules-10-01024],[@B34-biomolecules-10-01024],[@B36-biomolecules-10-01024]\]. Here, we briefly summarize studies that have illuminated the function of the Hippo pathway in cardiac regeneration and homeostasis, and we specifically focus on the progresses that have been made in the last two years.

3.1. The Hippo Pathway Regulates Cardiomyocyte Proliferation during Heart Regeneration {#sec3dot1-biomolecules-10-01024}
--------------------------------------------------------------------------------------

Heallen et al. conditionally deleted core Hippo signaling genes, *Sav1, Mst1*/*2* or *Lats2*, in the embryonic mouse heart by using the cardiac specific Nkx2-5-Cre driver, allowing cardiac specific deletion around embryonic day (E)7.5 \[[@B71-biomolecules-10-01024]\]. They found that inactivation of Hippo signaling increased cardiomyocyte proliferation and led to overgrowth of the heart \[[@B20-biomolecules-10-01024]\]. In contrast, Xin et al. found that cardiac-specific inactivation of Yap in mouse hearts using Nkx2-5-Cre driver substantially reduced cardiomyocyte proliferation and resulted in hearts with thinned myocardial layers, these Yap-deficient embryos died at E10.5 \[[@B21-biomolecules-10-01024]\]. Von Gise et al. specifically deleted *Yap* in the heart using Tnnt2-Cre driver at E12.5, the embryos died at day E16.5 with severe hypoplasia in the myocardium \[[@B22-biomolecules-10-01024]\]. In a recent study, Gan et al. found that the Lats1 and Lats2 kinases can directly phosphorylate the mTOR binding protein Raptor on Ser 606 \[[@B72-biomolecules-10-01024]\]. They produced knock-in mice with the Raptor mutation of Ser^606^ to Asp, which mimics phosphorylation of Raptor. Compared with control mice, the *Raptor*^D/D^ knock-in mice had smaller hearts with reduced cell proliferation and size \[[@B72-biomolecules-10-01024]\].

The regenerative ability of cardiomyocytes in mammalian hearts after birth is largely lost during postnatal development. During Postnatal Days 1--7, cardiomyocytes in the neonatal mouse heart are still capable of proliferating for substantial cardiac regeneration, but the ability is lost after Postnatal Day 7 \[[@B73-biomolecules-10-01024],[@B74-biomolecules-10-01024]\]. Hippo signaling has been indicated to inhibit cardiomyocyte proliferation, thereby limiting cardiac regeneration in the adult heart. To examine the role of the Hippo signaling pathway in heart regeneration, Heallen et al. deleted Hippo signaling genes (*Salv* and *Lats1, 2*) specifically in mouse cardiomyocytes by using *Myh6^CreERT2^* transgene \[[@B33-biomolecules-10-01024]\]. The mice with repressed Hippo signaling showed cardiomyocyte proliferation and cardiac regenerative capacity after injury at both Postnatal Day 8 and the adult stage, when the mouse heart has lost its regenerative capacity \[[@B33-biomolecules-10-01024]\]. Notably, Leach et al. observed that the effects of established ischemic HF after MI can be reversed in *Myh6^CreERT2^;Salv^flox/flox^* mice, which had a smaller scar size and increased cardiac function compared with control hearts \[[@B36-biomolecules-10-01024]\]. They used an adeno-associated virus 9 (AAV9) to deliver encoding short hairpin RNA (shRNA) against *Salv* in mice and found that these mice showed increased cardiomyocyte proliferation and enhanced heart function after the injection of AAV9-*Salv*-shRNA \[[@B36-biomolecules-10-01024]\]. Serine 127 of human YAP is a critical site that is phosphorylated by LATS \[[@B75-biomolecules-10-01024],[@B76-biomolecules-10-01024],[@B77-biomolecules-10-01024]\], YAP activity will increase after mutating serine 127 to alanine (S127A) \[[@B78-biomolecules-10-01024],[@B79-biomolecules-10-01024]\]. In another study, constitutively activated human YAP (hYAPS127A) in mouse cardiomyocytes delivered by using AAV9 promoted cardiomyocyte division and proliferation and was sufficient to reduce scar size and increase cardiac function after MI \[[@B34-biomolecules-10-01024]\]. Moreover, the cardiomyocyte-specific overexpression of constitutively active mouse YAP, mYAPS112A, enhanced heart regeneration during the nonregenerative stage in mice \[[@B23-biomolecules-10-01024]\]. Previous studies investigating zebrafish heart regeneration have revealed that cardiomyocytes in adult zebrafish heart can re-enter the cell cycle and proliferate to promote regeneration after cardiac damage \[[@B3-biomolecules-10-01024],[@B80-biomolecules-10-01024],[@B81-biomolecules-10-01024],[@B82-biomolecules-10-01024],[@B83-biomolecules-10-01024],[@B84-biomolecules-10-01024],[@B85-biomolecules-10-01024]\]. Lai et al. found that deletion of *wwtr1* in zebrafish lead to cardiac trabeculation reducing \[[@B86-biomolecules-10-01024]\]. They also observed abnormal cell--cell junctions and amorphous cortical actin structure in cardiomyocytes in *wwtr1*-deficient zebrafish heart \[[@B86-biomolecules-10-01024]\]. This study suggests that the Hippo pathway effector Wwtr1 is required for zebrafish cardiac trabeculation. In a recent study, Flinn et al. deleted the other core Hippo signaling effector gene *yap* in zebrafish \[[@B35-biomolecules-10-01024]\]. Surprisingly, they found that not like in mouse, cardiomyocyte proliferation was not decreased in *yap^−^*^/*−*^ regenerating adult zebrafish hearts after cryoinjury \[[@B35-biomolecules-10-01024]\]. However, significantly reduced collagen deposition was observed in adult yap mutant hearts at seven days post-injury. These results suggest that Yap is important for scar formation but not myocyte proliferation during adult zebrafish heart regeneration \[[@B35-biomolecules-10-01024]\].

Mechanical stress is increasingly considered to be a key regulator of cell behavior directly related to cardiac physiology. YAP and TAZ are critical sensors of mechanical stress in several contexts \[[@B87-biomolecules-10-01024],[@B88-biomolecules-10-01024],[@B89-biomolecules-10-01024]\]. In normal adult cardiomyocytes, YAP is absent in the nucleus but is found in the nucleus of cardiomyocytes in infarcted cardiac tissue with a stiffer extracellular matrix (ECM) \[[@B90-biomolecules-10-01024]\]. The dystrophin-glycoprotein complex (DGC) links the actin cytoskeleton to ECM, and its deficiency results in muscular dystrophy, which is usually associated with dilated cardiomyopathy. Morikawa et al. revealed that the DGC component dystroglycan 1 (DAG1) interacts with phosphorylated Yap, inhibiting the nuclear location of Yap and decreasing cardiomyocyte proliferation \[[@B91-biomolecules-10-01024]\]. Another group independently reported that the neonatal extracellular protein agrin promotes Yap localization in the nucleus and cardiomyocyte proliferation by interacting with the DGC and disrupting Yap--DGC complex formation. Agrin treatment inhibited fibrosis, regulated angiogenesis and the immune response, reduced infarct scar size and increased heart function after MI in mice. These results indicate that agrin treatment may have the potential to heal injured hearts \[[@B92-biomolecules-10-01024]\]. Together, these studies suggest that Hippo signaling deficiency or YAP activation can stimulate cardiomyocyte proliferation to promote heart regeneration.

3.2. The Hippo Pathway and Reprogramming of Chromatin Accessibility during Heart Regeneration {#sec3dot2-biomolecules-10-01024}
---------------------------------------------------------------------------------------------

Chromatin dynamics are inherent to cell reprogramming and cell fate transitions \[[@B93-biomolecules-10-01024]\]. Chromatin opening is essential for the binding of transcriptional factors and the consequential transcriptional activation \[[@B94-biomolecules-10-01024]\]. Cardiomyocytes are terminally differentiated cells, in which the chromatin state is stable and irreversible. However, they undergo chromatin remodeling and transient transcriptional reprogramming during regeneration \[[@B95-biomolecules-10-01024],[@B96-biomolecules-10-01024],[@B97-biomolecules-10-01024],[@B98-biomolecules-10-01024]\]. During zebrafish heart regeneration, atrial cardiomyocytes can transdifferentiate into ventricular cardiomyocytes through cardiac reprogramming \[[@B98-biomolecules-10-01024]\]. Zhang et al. used in vivo time-lapse imaging and found that Notch signaling is activated in zebrafish atrial endocardium following ventricular ablation, and discovered that blocking Notch signaling repressed the atrial-to-ventricular transdifferentiation and inhibited cardiac regeneration \[[@B98-biomolecules-10-01024]\]. Previous exciting work revealed that the Hippo pathway can promote cellular reprogramming during regeneration of the intestine \[[@B99-biomolecules-10-01024]\] and liver \[[@B100-biomolecules-10-01024]\].

Despite the poor renewal ability of cardiomyocytes, YAP activation tends to promote cardiomyocyte proliferation and reduce infarct size in injured hearts in the adult mouse \[[@B34-biomolecules-10-01024]\]. Recently, Monroe et al. generated mice that conditionally overexpressed YAP5SA in adult cardiomyocytes, which is a mutated YAP in which all LATS1/2 phosphorylation sites are changed from S to A \[[@B101-biomolecules-10-01024]\]. By quantifying EdU-labeled cells, they reported that YAP5SA cardiomyocytes re-entered the cell cycle \[[@B101-biomolecules-10-01024]\]. YAP5SA-overexpressing hearts had improved left ventricular muscle volume, increased numbers of left ventricular cardiomyocytes and decreased left ventricular chamber volume compared with controls, suggesting that YAP5SA promotes the generation of new cardiomyocytes \[[@B101-biomolecules-10-01024]\]. In addition, they found that YAP5SA overexpression promoted cardiomyocyte proliferation with increased mononuclear cells without increased ploidy. Several studies have shown that increased numbers of mononuclear cardiomyocytes translates into improved renewal capacity but that an increase in ploidy was harmful for mice and zebrafish cardiomyocyte regeneration \[[@B102-biomolecules-10-01024],[@B103-biomolecules-10-01024],[@B104-biomolecules-10-01024]\].

To further elucidate the molecular mechanisms of YAP5SA in the heart, Monroe et al. performed cardiomyocyte-specific nuclear RNA-sequencing, ATAC-sequencing and chromatin conformation capture assays. YAP5SA in cardiomyocytes upregulated cell-cycle related genes such as *Ccnd1*, *Dbf4*, *Mki67*, *Anln*, *Prkci* and *Numbl* and pro-proliferative transcription factors, *Myc*, *E2f1* and *E2f2* \[[@B101-biomolecules-10-01024]\]. In YAP5SA-overexpressing cardiomyocytes, chromatin accessibility was reorganized with newly accessible loci for the binding of myocyte enhancer factor 2A (MEF2A) and activator protein 1 (AP-1). Together, these results indicate YAP5SA reverses adult cardiomyocytes to a proliferative fetal-like state by increasing chromatin accessibility and upregulating expression of fetal genes \[[@B101-biomolecules-10-01024]\]. Thus, manipulating the Hippo pathway may be a feasible approach for heart regeneration therapy.

3.3. Essential Role of the Hippo Pathway in Heart Homeostasis {#sec3dot3-biomolecules-10-01024}
-------------------------------------------------------------

The heart is a highly differentiated multicellular organ that needs to maintain homeostasis. The physiological function of the Hippo pathway in the heart remains unclarified. However, recent studies have indicated an essential role of the Hippo pathway in maintaining cardiac homeostasis \[[@B26-biomolecules-10-01024],[@B31-biomolecules-10-01024],[@B105-biomolecules-10-01024],[@B106-biomolecules-10-01024],[@B107-biomolecules-10-01024]\]. In response to injury, resting CFs are induced into activated CFs and myofibroblasts \[[@B108-biomolecules-10-01024]\]. After cardiac injury, activated CFs tend to promote formation of fibrotic scars with a stiffened myocardial matrix. Initially, ECM formation is a benefit of wound healing as a protective mechanism, but progressive fibrosis results in irreversible stiffening and the loss of contractile ability. In a previous study, Del Re et al. found that Rassf1A interacted with Mst1 and inhibited the expression of nuclear factor (NF)-κB and tumor necrosis factor-α (TNF-α) to prevent proliferation and promote apoptosis in CFs \[[@B105-biomolecules-10-01024]\]. Rassf1A is an endogenous activator of Mst1 and has different functional outcomes in cardiomyocytes and CFs \[[@B105-biomolecules-10-01024]\]. However, the exact physiological functions of Hippo signaling in adult resting CFs is not well known.

Recent studies revealed that the development of CFs from epicardial progenitors was inhibited in *Lats1* and *Lats2* (*Lats1/2*)-deficient hearts \[[@B24-biomolecules-10-01024]\]. Xiao et al. specifically deleted *Lats1/2* in embryonic cardiomyocytes by crossing mice with a *Lats1/2* conditional null allele with *Wt1^CreERT2^* mice. Using single-cell RNA sequencing, they reported that *Lats1/2* mutant CFs stayed in an intermediate cell state with both fibroblast and epicardial characteristics and failed to activate CF differentiation \[[@B24-biomolecules-10-01024]\]. Using *Tcf21^iCre^; Lats1^fl/fl^; Lats2^fl/fl^* mice, Xiao et al. specifically deleted *Lats1/2* in CFs to examine the function of the Hippo signaling pathway in adult resting CFs under physiologic conditions \[[@B29-biomolecules-10-01024]\]. In the subepicardial and subendocardial regions of *Tcf21^iCre^; Lats1^fl/fl^; Lats2^fl/fl^* mouse ventricles, they noted primary fibrosis that exhibited a self-perpetuating fibrotic response \[[@B29-biomolecules-10-01024],[@B109-biomolecules-10-01024]\]. *Tcf21^iCre^; Lats1^fl/fl^; Lats2^fl/fl^* mice hearts showed reduced cardiac output and increased fractional shortening and ejection fraction after tamoxifen injection. These results suggest that the activation of cardiac fibrosis in adult resting CFs is spontaneous after *Lats1/2* deletion. Interestingly, similar to cells from recovered hearts after MI, they found increased heterogeneity of myeloid cells in uninjured *Lats1/2* deficient hearts \[[@B29-biomolecules-10-01024]\]. Collectively, these studies indicate that *Lats1/2* may play an important role in maintaining the resting CF cell state by inhibiting the Yap-involved injury response.

Pressure overload causes cardiac hypertrophy and eventually leads to HF due to massive cardiomyocyte death and loss \[[@B110-biomolecules-10-01024],[@B111-biomolecules-10-01024]\]. In a physiological study of the Hippo pathway, Ikeda et al. reported that activation of YAP induced cardiac dysfunction and cardiomyocyte dedifferentiation in the long-term in the presence of pressure overload \[[@B112-biomolecules-10-01024]\]. They specifically deleted *Salv* in cardiomyocytes by using *Myh6^Cre^* mice and created a pressure overload model by transverse aortic constriction operation. In *Salv* deletion mice, Yap accumulated in the nucleus of cardiomyocytes. Salv-deficient mice exacerbated the progression of cardiac dysfunction and sarcomere disarray in cardiomyocytes induced by pressure overload with an activated cardiomyocyte cell cycle and decreased apoptosis. Moreover, cardiomyocyte dedifferentiation was attenuated in *Salv* deletion mice.

Diabetic cardiomyopathy can develop in HF patients with obesity and diabetes \[[@B113-biomolecules-10-01024]\], accompanied by high blood pressure, reduced left ventricular ejection fraction (LVEF) and preserved LVEF \[[@B114-biomolecules-10-01024]\]. In a type 2 diabetes mouse model, Ikeda et al. recently reported that the level of phospho-Lats2 was significantly downregulated, but Yap was activated in cardiomyocytes of diabetic mice after consumption of a high-fat diet for eight weeks. They also assessed YAP concentration in biopsy samples from humans with and without type 2 diabetes. Those studies showed that the concentration of YAP in the biopsy specimens from human showed a positive correlation to hemoglobin A1C level, which is commonly used to measure average blood sugar level for diabetes diagnosis. In addition, they used a small-molecule specific inhibitor, verteporfin \[[@B112-biomolecules-10-01024]\], to investigate the interventions in their model. The inhibitor can disrupt the interaction between YAP and TEAD. The results show that verteporfin treatment significantly increased the survival rate after pressure overload in mice fed high-fat diets. In another study, Triastuti et al. used a novel inhibitor XMU-MP-1, which blocked the central Hippo kinase Mst1/2, to demonstrate that an increase in the Yap-complex protected the mouse heart against pressure overload \[[@B115-biomolecules-10-01024]\].

3.4. The Hippo Pathway and Immune Responses during Heart Regeneration {#sec3dot4-biomolecules-10-01024}
---------------------------------------------------------------------

The immune system plays a complicated, but key role in promoting both the regenerative response and the acute inflammatory response after cardiac injury \[[@B116-biomolecules-10-01024]\]. The inflammatory response is a double-edged sword after injury, as it is both necessary and beneficial at the initial stages but deleterious at later stages of the injury response \[[@B117-biomolecules-10-01024]\]. Recent studies revealed that the inflammatory response plays both constructive and harmful roles during heart regeneration \[[@B118-biomolecules-10-01024],[@B119-biomolecules-10-01024],[@B120-biomolecules-10-01024]\]. The exact molecular mechanisms underlying the effects of the immune response in heart regeneration are still to be elucidated.

Molkentin and colleagues \[[@B121-biomolecules-10-01024],[@B122-biomolecules-10-01024],[@B123-biomolecules-10-01024]\] worked with cardiac progenitor cells and bone marrow mononuclear cells, which are currently being tested in clinical trials of cardiac cell therapy. They found that mice injected with cardiac progenitor cells and bone marrow mononuclear cells showed significantly improved ventricular performance and cardiac function after ischemia--reperfusion injury. In addition, they surprisingly observed that injecting dead cells or a chemical inducer of the innate immune response called zymosan \[[@B124-biomolecules-10-01024]\] also healed the injured heart. The exogenous cells induced an acute sterile immune response, which resulted in the spatiotemporal induction of macrophages that improved heart function \[[@B121-biomolecules-10-01024]\]. This response of inducing macrophages in the infarct border zone altered CF activity, enhanced the mechanical properties in the injured area, and decreased the ECM in the border zone. An acute inflammatory response-based wound healing is beneficial in cardiac cell therapy that rejuvenates the heart after MI \[[@B121-biomolecules-10-01024]\]. Although cell-based therapies have shown a great potential for cardiac regeneration, their success relies heavily on the innate immune response.

Ramjee et al. conditionally deleted the Hippo signaling downstream effector genes, *Yap* and *Taz*, in the mouse epicardium by using an inducible Wt1Cre driver \[[@B125-biomolecules-10-01024]\]. They noted that mice with an epicardial deficiency of Yap and Taz had fewer regulatory T cells (Tregs) in the myocardium and decreased expression of interferon-γ, which is an inducer of Tregs. In several studies, Treg cells in pregnant mice suppressed inflammation, improved heart function, and even contributed to an increase in maternal heart size \[[@B126-biomolecules-10-01024],[@B127-biomolecules-10-01024],[@B128-biomolecules-10-01024],[@B129-biomolecules-10-01024]\]. Thus, Tregs may play an essential role in regulating cardiac function, and Hippo signaling is important for epicardial cells by inducing Treg cells after injury \[[@B125-biomolecules-10-01024]\].

In the resting heart, the primary immune cells are macrophages that are found in the interstitium among cardiomyocytes and surrounding endothelial cells \[[@B116-biomolecules-10-01024],[@B130-biomolecules-10-01024]\]. Macrophages play a vital role in cardiac regeneration \[[@B117-biomolecules-10-01024]\]. Ramjee et al. found that macrophages were significantly increased in the epicardium of *Yap/Taz*--mutant mice after injury \[[@B125-biomolecules-10-01024]\]. In a recent study, Xiao et al. performed Drop-sequencing in control and *Tcf21^iCre^; Lats1^fl/fl^; Lats2^fl/fl^* mice to address if *Lats1/2*-null resting CFs promoted their differentiation or caused an injury response \[[@B29-biomolecules-10-01024]\]. Clustering analysis of single-cell expression profiling data revealed eight monocyte/macrophage clusters (Mϕ1--8) and found that macrophages showed a proliferative state \[[@B131-biomolecules-10-01024]\]. Using immunofluorescence staining with the myeloid marker Lyz, they confirmed increased numbers and composition of macrophages in *Tcf21^iCre^; Lats1^fl/fl^; Lats2^fl/fl^* mice hearts \[[@B29-biomolecules-10-01024]\]. Furthermore, Xiao et al. found all macrophage clusters displayed high levels of myeloid lineage specific regulons that were not active in CFs by using Uniform Manifold Approximation and Projection (UMAP) \[[@B29-biomolecules-10-01024]\]. Francisco et al. revealed that RASSF1A attenuates inflammatory cytokine expression and antagonizes ischemia/reperfusion-induced myocardial inflammation by negatively regulating the expression of NF-κB \[[@B132-biomolecules-10-01024]\]. Collectively, these studies show that the Hippo pathway maintains the immunological balance in the heart and deficiency of Hippo signaling leads to a cardiac imbalance of macrophages.

4. Perspectives and Conclusions {#sec4-biomolecules-10-01024}
===============================

In modern medicine, integrated methods of heart regeneration should include five hallmarks that Bertero and Murry proposed in 2018, including remuscularization, immunological balance, angiogenesis and arteriogenesis, resolution of fibrosis and electromechanical stability \[[@B133-biomolecules-10-01024]\]. Above, the studies have shown that manipulating the Hippo-YAP pathway promotes remuscularization and angiogenesis during heart regeneration ([Figure 2](#biomolecules-10-01024-f002){ref-type="fig"}). Manipulating the Hippo-YAP pathway can also attenuate fibrosis development and facilitate resolution of fibrosis after MI \[[@B134-biomolecules-10-01024]\]. In addition, the studies above indicate that the Hippo-YAP pathway may be a promising therapeutic target in diabetic patients with high blood pressure.

In conclusion, recent discoveries have unveiled novel functions of the Hippo pathway in regulating heart regeneration and cardiac homeostasis. Specifically, the Hippo pathway plays a unique role in regulating the proliferation, immune responses, chromatin reprogramming, cell state transitions and cell-to-cell communications in the heart. The combined results of high-throughput approaches, such as single-cell sequencing, ATAC-sequencing and ChIP-sequencing, and functional studies in animal models have revealed that the Hippo signaling pathway regulates epigenetics, transcriptomics, proteomics and cytologic changes to promote cardiomyocyte regeneration. Delicate manipulation of the Hippo-YAP signaling pathway has immense potential as a cell-free regenerative therapy for promoting adult heart renewal and treating heart disease \[[@B135-biomolecules-10-01024]\]. Cardiomyocyte counts have been shown to increase by 40% after inducing YAP5SA overexpression and YAP5SA lineage cardiomyocytes coupled to pre-existing cardiomyocytes \[[@B101-biomolecules-10-01024]\]. However, YAP1 has been shown to be an oncogene in various human cancers and promotes intense proliferation in cancer cells \[[@B136-biomolecules-10-01024],[@B137-biomolecules-10-01024]\]. Current clinical trials of cardiac regenerative therapies have encountered obstacles, suggesting limitations and difficulties in translating preclinical studies of cardiac regeneration into clinical medicine. Nevertheless, targeting the Hippo-YAP signaling pathway is a promising cell-free therapeutic approach for cardiac regenerative medicine.
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![Overview of the Hippo pathway. The canonical Hippo signaling pathway is a complex network of proteins: mammalian sterile 20-like (MST) kinases 1/2, the adaptor proteins Salvador homolog 1 (SAV1), large tumor suppressor (LATS) kinases 1/2, Mps one binder kinase activator protein (MOB1), the downstream transcription cofactors Yes-associated protein 1 (YAP1) and its paralog transcriptional co-activator with PDZ-binding motif (TAZ, also known as WWTR1). When Hippo signaling is on (shown in red), kinases MST1/2 and SAV1 complex, phosphorylate and activate kinases LATS1/2. LATS1/2 interacts with the adaptor MOB1 to phosphorylate YAP and its analog TAZ. YAP/TAZ undergo ubiquitination and degradation after phosphorylation. When Hippo signaling is off (shown in green), YAP/TAZ as transcriptional co-activators translocate into the nucleus and interact with TEA domain family members (TEADs) and other co-factors such as SMAD family members (SMADs), β-Catenin, pituitary homeobox 2 (PITX2), forkhead box protein O1 (FOXO1), T-box transcription factor TBX5 and Runt-related transcription factor 1/2 (RUNX1/2) to regulate gene transcription for cellular proliferation, regeneration, dedifferentiation, apoptosis and chromatin reprogramming. Transcription cofactor vestigial-like protein 4 (VGLL4) competes directly with YAP for the binding of TEADs in the nucleus \[[@B56-biomolecules-10-01024],[@B57-biomolecules-10-01024],[@B70-biomolecules-10-01024]\]. Hippo pathway activity also can be regulated by several upstream proteins such as kidney and brain expressed protein (KIBRA), neurofibromin 2 (NF2), FERM domain-containing protein 6 (FRMD6), mitogen-activated protein kinase kinase kinase kinases (MAP4Ks), striatin-interacting phosphatases and kinases (STRIPAK), serine/threonine-protein kinase 25 (STK25), Ras-associated domain family 1 isoform A (RASSF1A), thousand-and-one amino acid kinases 1/3 (TAOK1/3), P2Y~2~ nucleotide receptor (P2Y~2~R), protocadherin Fat4 (FAT4) and G-protein-coupled receptor signaling (GPCR). PKA, protein kinase A; AMOTL1, angiomotin-like protein 1.](biomolecules-10-01024-g001){#biomolecules-10-01024-f001}

![The role of the Hippo pathway in heart regeneration and homeostasis. The Hippo pathway plays different roles in different cardiac cell types. When Hippo signaling is on (shown in red), it maintains heart homeostasis and inhibits CM apoptosis and activated CFs. After an injury, the damaged area in the heart consists of dead cardiomyocytes, activated cardiac fibroblasts, extracellular matrix (ECM), and immune cells including macrophages and T-regulatory (Treg) cells. When the heart is injured, the homeostasis of the heart is destroyed. Damage signals induce an immune response that activates resident macrophages, which release pro-inflammatory cytokines to induce inflammation and fibrosis. Resting cardiac fibroblasts induced into activated CFs and myofibroblasts, then activate CFs which promotes fibrosis in the damaged area. Cardiac fibroblasts activation also can be achieved through inhibition of the Hippo pathway. In cardiomyocytes, Yap activation induces cardiomyocytes to re-enter the cell cycle and proliferate when Hippo signaling is off (shown in green). YAP5SA overexpression promotes the generation of new cardiomyocytes and reorganizes chromatin accessibility to a proliferative fetal-like state. In epicardial cells, the Hippo pathway promotes the secretion of cytokines such as interferon-γ (IFNγ), which recruits T-regulatory (Treg) cells. Treg cells inhibit inflammation and fibrosis, promote cardiac repair and revascularization.](biomolecules-10-01024-g002){#biomolecules-10-01024-f002}
